Abstract-A series of experiments was performed to characterize RF microelectromechanical system switch performance under variable environmental conditions and cryogenic temperatures. Data were recorded in helium and nitrogen environments to lower stiction failure rates as well as to circumvent switch bouncing arising from low pressure at cryogenic temperatures. Contact resistance values were observed to be lower at cryogenic temperatures but still two orders of magnitude higher than the values predicted for the constriction resistance of gold asperity contacts, consistent with the presence of adsorbed films on the contacts. An asperity-heating model was applied, from which it was deduced that contact voltages can selectively disassociate adsorbed films from the contact surface while not softening the gold asperity contacts. The results are consistent with the reduced mobility of the adsorbed surface films at cryogenic temperatures.
temperature on switch performance is becoming increasingly important to system designers as they integrate the switches into microwave systems, satellite communications, and space and airflight monitoring systems [7] , [9] . Interest also exists for integrating RF MEMS devices with high-Tc superconductors (HTS); demonstrated applications with integrated MEMS include an HTS microstrip resonator [12] and a tunable HTS filter [13] . Cryogenic temperatures have adverse effects on the operational stability and longevity of capacitive MEMS switches. The pull-in voltage substantially increases, and capacitance decreases with decreasing temperature [6] [7] [8] [9] [10] [11] [12] . An increased mortality rate for switches operating at cryogenic temperatures has also been reported [9] .
No prior work on contact resistance at cryogenic temperatures for metal contacting RF MEMS switches has been published, but an observation of decreased contact resistance with increasing temperature ranging from room temperature to 373 K [2] has been reported in the literature. In the latter case, the experimental results were unable to discern the individual contributions from surface morphology changes and adsorbed film effects on the overall contact resistance value.
This paper covers the performance characteristics of an RF MEMS device across a range of operational environments. The data presented here suggest that decreasing the ambient temperature to liquid nitrogen levels can lower contact resistance and mitigate some stiction events. Two sets of data are presented: 1) the correlation between contact resistance and ambient atmosphere at cryogenic temperatures and 2) the contact resistance as a function of both time and temperature under constant actuation force.
The data presented herein collectively indicate that substantial changes can be made to the switch's performance by altering the operating conditions. Possible causes for contact resistance change are discussed and correlated to contact theory, which is reviewed in the following section. The improved understanding of switch behavior and contact resistance facilitates improved switch design and performance.
II. CONTACT THEORY
Roughness of the contact surfaces plays a key role in the contact resistance. Current is confined to flowing through the contacting asperities, and the flow is governed by the size of those asperities. Only a few gold asperities come into contact when the switch is closed, so the area through which the current flows is initially small. After being closed for an extended time period or alternatively opened and closed repetitively, the true contact area is observed to increase, resulting in a decreased contact resistance. If the contact temperature rises, the contacts may soften, which leads to an increased contact area under an applied load. Such "softening" of the contacts has been reported for temperatures ranging from 65
• C to 100 • C [2] , [3] . The authors who reported the lower temperature did not rule out thermal breakdown of bonds between the gold and an adsorbed film layer as the mechanism producing decreased resistance at 65
• C [2] . An accurate representation of the surface roughness is needed to generate meaningful predictions for contact area and resistance. A multiscale 3-D surface topography was generated for the switch contacts using a Weierstrass-Mandelbrot function paired with the fractal dimension and fractal roughness measurements from an atomic force microscope [14] [15] [16] . Modeling of the contact surfaces, when left in the closed position for extended periods of time, predicted the true contact area to reach a maximum of 7% of the total possible contact area [17] . Switches subjected to high contact forces or repeatedly cycled deform plastically, leaving a greater contact area for subsequent switch cycling [18] . The switches used for experimentation had been under frequent prolonged cycling, and it is assumed that they maintained the 7% true contact area for the duration of the tests.
RF MEMS contact asperity dimensions are on the order of the mean free path of electrons in gold. The spatial constriction on the current produces lattice and boundary scattering of electrons. The contact resistance R C of an asperity with radius a is [19] , [20] 
where ρ is the electrical resistivity and λ is the electron mean free path, which is approximately 38 nm in gold [21] . R M is the Maxwell resistance due to lattice scattering, and R S is the Sharvin resistance due to boundary scattering. The Maxwell term is representative of the resistance found when the contact spot size is much greater than the mean free path of the electrons. The Sharvin term contributes to the overall contact resistance when the contact spot size is on the order of the mean free path, and the electrons are ballistically projected through the asperities without any scattering. The scaling factor f (λ/a) accounts for the transition between resistance regimes. It has a maximum value of 1 as a λ and a minimum value of 0.624 as a λ. The contact resistance can range between an upper and a lower limit depending on how the real contact area is represented. The lower limit assumes that the contact spots do not interact and can be represented as a number of parallel resistance points. The lower contact resistance limit R L can be approximated as
where N is the number of asperities in contact and R Ci is the contact resistance of the ith contact spot. The upper limit for the contact resistance is set by approximating the area of all individual asperity contacts with one single large asperity of equal area. The radius of the single asperity is a eff , and the upper limit R U is
The contact resistance value from (1) is an integral part of the asperity-heating model, which relates the contact voltage V c to the contact spot temperature T c . The contact spot temperature can be stated as
where L = 2.45 × 10 −8 W · Ω/K 2 is the Lorentz constant and T o is the ambient temperature [2] . It is important to note that the asperity-heating model accounts for the size of the contact spots and the increased boundary scattering contributions due to the small spot size. In addition, it eliminates an overestimation of contact spot temperature by assuming that only the Maxwell term leads to contact heating with no contribution from the boundary scattering term [22] .
III. DEVICE
The experiments have been performed on a single-pole double-throw (SPDT) cantilever-type switch produced by wiSpry (Fig. 1) . The devices actuate to the closed state when a voltage differential of approximately 35 V is applied between the upper and lower electrodes. Upon actuation, the contacts at the leading edge of the cantilever are brought into contact with two lower contact dimples attached to the transmission line. This allows current to flow from the transmission line through the contact dimples, across the cantilever and back through the other set of contact dimples to the outbound transmission line. Once the actuation voltage is removed, the stiffness in the root of the cantilever arm pulls the switch into its open position.
The switches are fabricated using the wiSpry metal surface micromachining process. The die substrate is silicon. Gold and copper transfer lines are interlaced with silicon and sacrificial layers during the stack process. Sacrificial layers are subsequently etched away, creating the 3-D cantilever structure and exposing the electrode plates used for actuation as well as the contact dimples which transfer the RF signal. Each die has Prior to testing, the devices were stored in uncontrolled room ambient conditions. Initial resistance measurement taken in a helium gas environment at room temperature ranged from 0.7 to 6 Ω, with most devices in the range of 1.8-2.0 Ω. Each device was tested for the voltage needed to make contact, create stable contact resistance, and break contact. The average voltage needed to create stable contact resistance was 42 V. Five different devices were used for the resistance versus temperature measurements.
IV. EXPERIMENTAL SETUP
The switches were tested in a vacuum system to reduce stiction events (Fig. 2) . The test chamber consisted of a thin steel 3.75-in-diameter cylinder fitted with a 20-pin electrical feedthrough at the lower end, allowing a four-point dc measurement of the device's contact resistance. A 28-in extension arm is fitted to the top of the cylinder to ensure that the environmental chamber is as low as possible in the cryostat Dewar. The top of the transfer arm meets with a four-way cross that allows for pressure measurement, vacuum access, and ports for backfilling gas environments.
Electrical connections inside the chamber were made with a standard braded copper vacuum wire between the feedthrough and a zero insertion force (ZIF) socket. The switch was attached to a ceramic side braze package with gold leads. Onemil (25 μm) gold wires were wirebonded between the device and ceramic package. The packages were then inserted in the ZIF socket during testing. Electrical connections outside the chamber between the feedthrough and test circuitry were made using constantan wire to ensure that no additional resistance changes were measured as a result of thermal fluctuations from wire exposed to liquid nitrogen during testing.
Two Keithley 2400 source meters were used for actuating the switch and performing a four-point dc contact resistance measurement across the device contacts. For the four-point measurement, a 1-mA current was sourced and limited to a voltage compliance of 1 V. Actuation currents were limited to 10 μA. All instrumentation was controlled via LabView.
The environmental chamber was cooled by immersing it in a liquid nitrogen bath at 77.4 K. The nitrogen was contained in a Cryofab CSM-type vacuum-insulated stainless-steel Dewar which, in turn, was immersed in an outer heat shield filled with liquid nitrogen. A Lake Shore 330 Temperature Controller measured the temperature with both silicon diode and platinum resistance thermometers.
The experimental variables were the contact voltage V c and ambient temperature T o . During testing, a 1-mA dc current was supplied that resulted in a V c of approximately 2 mV. The ambient temperature was chosen for each experiment to aid in differentiating changes in contact resistance due to adsorbed surface films and morphology of the contact surfaces. Since the 7% true contact area is large compared to the single asperity size and the mean free path of the electrons in gold, the upper limit for contact resistance is assumed for correlating the theory with experimental data.
Initially, measurements were planned to be in ultra high vacuum (UHV) to avoid stiction problems by removing moisture and to clean the gold contacts by removing the hydrocarbon layers on them. However, it was found during testing that severe switch bounce commenced at pressures below 80 torr. As a result, the system was evacuated of air and backfilled to a pressure of 760 torr with helium before being cooled with liquid nitrogen.
V. EXPERIMENTAL RESULTS

A. Gas Dependence
A series of tests was also performed to investigate the effects of atmospheric conditions on the contact resistance. For this round of testing, the chamber was filled with either helium or nitrogen. The switch was actuated to the closed position, and a resistance measurement was taken once per second with the current on continuously. Measurements were taken on the same device for both gasses at room temperature, during a rapid cool down to 77 K and at a steady state of 77 K. Rapid cool down measurements were taken over the range of 293-77 K as the vacuum system was immersed in liquid nitrogen.
At room temperature, there was no difference in the contact resistance as a function of the gas environment. However, fluctuations in the contact resistance did arise during the rapid cool down and 77-K steady-state measurements. During the rapid cool down, both the helium and nitrogen environments exhibited sharp fluctuations in contact resistance (Fig. 3) . The device was also cooled over a 10-h period from 293 K to 100 K by filling only the outer heat shield of the Dewar. Neither the helium nor nitrogen gas atmospheres produced rapidly changing fluctuations in contact resistance during a slow cool down.
Additional tests were taken when the device had reached thermal equilibrium at 77 K. The device was allowed to cool Fig. 3 . Rapid cool down of the device by boiling off liquid nitrogen directly on the vacuum system induces large fluctuations in contact resistance. These fluctuations are not present in the data taken when the device is allowed to slowly warm after being maintained at 77 K for several hours. Fig. 4 . Contact resistance fluctuations are seen just after switch closure for a nitrogen atmosphere at liquid nitrogen temperatures, but not for a helium atmosphere. This variable resistance may be due to condensed nitrogen boiling off at the switch contacts when current is applied.
for 12 h with both the inner and outer Dewar filled with liquid nitrogen. The switch was then actuated, and a resistance measurement was taken once per second while a 1-mA current was left on continuously. Fig. 4 shows the contact resistance for helium and nitrogen atmospheres at liquid nitrogen temperature. The helium atmosphere showed no fluctuations in contact resistance, while the nitrogen atmosphere showed some fluctuations in resistance just after closing. It is believed that this fluctuation was due to condensed nitrogen boiling off at the contacts as the local temperature was rapidly rising due to the current flow. It is highly probable that the same type of data would be seen for a helium atmosphere when cooled to liquid helium temperatures. 
B. Time Dependence
During the resistance versus temperature experimentation, it was noted at room temperature that switches closed for extended periods of time would decrease in contact resistance. However, when the switch was opened and allowed to dwell, even for short periods of time, the contact resistance would immediately return to the level measured before the extended period of closure. It was also noted that the same effect was greatly diminished or nonexistent when the switches were cooled to 77 K.
A set of experiments was performed to explore the contact resistance as a function of temperature for extended periods of time in the closed state. The resistance versus time data were taken at both room temperature and 77 K. Due to the contact resistance variability induced by nitrogen gas at near liquid nitrogen temperatures, only helium was used for cryogenic portion of the experiment. Before each measurement run, the switch was cycled 200 times. A resistance measurement was taken once per second for the duration of the experiment using a 1-mA source. Measurements were taken by two methods. For the first set of data runs, the switch was cold cycled and left in the open position between measurements. In the second set of runs, the switch was closed for the duration of the test and opened to dwell between runs.
Room temperature experiments had a rapid reduction in resistance during the first minutes of closure as shown in Trace A of Fig. 5 . The resistance decreased over time while the switch was cycling and for tests where the switch was continuously closed. As soon as the contacts were allowed to dwell in the open position, the resistance values immediately returned to their initial values. Resistance measurements were taken for various amounts of dwell time in the open position ranging from 1 day to 10 s while still contained in the nitrogen and helium atmospheres. In every case at room temperature, the resistance returned to the initially measured value after the dwell. Resistance measurements versus time subsequent to the dwell showed the same drop-off in resistance as shown in Trace A.
To measure the effects of cryogenic temperatures on the resistance values over time, the devices were cooled for 24 h and then tested with the inner Dewar and outer heat shield filled with liquid nitrogen to ensure that the device remained at 77 K throughout testing. The initial resistance of the switch is significantly lower for the cryogenic temperatures than that at room temperature. Trace B of Fig. 5 shows the same drop in resistance as a function of time, as shown in Trace A for the room temperature measurements. However, when allowed to dwell in the open position for the same lengths of time as the room temperature experiments, the return to higher resistance values did not manifest itself. Trace C of Fig. 5 is a resistance versus time curve taken with 5 min of dwell time between measurements. The cryogenic data show that, in contrast to room temperature data, the resistance has not returned to its original value between runs but has remained near the same value recorded at the end of the previous run.
Upon completion of the cryogenic resistance versus time experimentation, the device was allowed to warm slowly back to room temperature. Measurements once again showed that the device had higher initial resistance than that at cryogenic temperatures and that, even with very short dwell times between measurements, the resistance returned to its initial peak value.
VI. ANALYSIS
It is evident that environmental conditions play an important role in the operation of the MEMS devices. The switches showed no changes in mechanical stability during or after testing at cryogenic temperatures. The increased pull-in voltage for fixed-fixed capacitive switches at cryogenic reported in [6] [7] [8] [9] [10] [11] [12] was not observed at 77 K for the cantilever-type switches used for experimentation. In addition, the hysteresis in pull-in voltage reported in [11] after temperature cycling was not present. A differential in pre-and postcooling pull-in voltages indicates that the switching structure has sustained permanent deformation. The tested wiSpry devices reached stable contact resistance at the same pull-in voltage for both room temperature and 77 K. Goldsmith and Forehand's model shows that pull-in voltage as a function of temperature for fixed-fixed capacitive switches is mostly due to the buildup of residual stresses on the bridge structure produced [10] . Cantileverdesigned switches do not exhibit the fluctuations in pull-in voltage as a function of temperature or the thermal cycling hysteresis because they are not subjected to biaxial thermal stresses found in fixed-fixed switches [11] . In addition, none of the wiSpry devices became stuck or failed during the cryogenic testing.
Ideally, the switch should be run in UHV to eliminate stiction events and formation of adsorbed films common to exposure with normal atmospheric conditions. However, for this switch to operate properly, the device requires pressures above 80 torr. The addition of alternative atmospheres such as nitrogen and helium can help eliminate bouncing problems by maintaining sufficient operational pressure at cryogenic temperatures; however, the gas choice is dependent on the temperature range over which the device will operate. Nitrogen is adequate for temperatures above 77 K, but near or below 77-K helium was more effective.
Changing the gas composition of the atmosphere can solve the bouncing and moisture-induced adhesion events; however, the apparent presence of an adsorbed film layer on the gold contacts has substantial impact on the contact resistance. The contact resistances measured in this experiment are two orders of magnitude higher than the values predicted by current contact theory. It is the presence of these less-conductive adsorbed films that generates the higher contact resistance. It should be noted that while the films do create higher contact resistance, they also play an important role in preventing adhesion failures [23] . The film layer prevents the gold-gold adhesion forces from forming. While pure ohmic contact would be optimal for signal throughput, even small amounts of clean surface area generated by many tens of asperities would create an attractive adhesion force greater than the restoring force used to open the contacts. This provides a possible explanation for the device that immediately failed in UHV during this experiment.
A more in-depth treatment of the surface contamination as it relates to the contact asperity model is required to understand the variances in contact resistance seen in the experiments. Adsorbed films on the contact surfaces have been suggested as the most likely contributor for large-scale resistance changes on MEMS contacts [2] . Heating the contacts has been shown to generate a drop in resistance; however, it is difficult to discern how much of this drop is due to the physical changes in contact topography from asperity softening and how much is due to the dissociation of adsorbed films at the contact points. The impact of adsorbed surface films on the measured contact resistance for a MEMS device can be partially explained by exploring the existing theory for asperity contact and application of an asperityheating model. Application of the asperity-heating model for low temperatures is helpful in showing that the change in resistance must be due mostly to film effects rather than changes in surface characteristics of the gold asperity contacts.
A. Comparison to Temperature Dependence
Several key features are apparent when comparing the experimental contact resistance data with theoretical values. Foremost is the difference of nearly two orders of magnitude between the predicted and the experimentally measured value for contact resistance. Some of the additional contact resistance can be accounted for by how the measurement was taken. The four-point probe measurement included resistance contributions from the transmission lines on the device itself, gold wirebond, and the ceramic package. By using device geometries and wirebond lengths, it is estimated that their contribution is approximately 1.54 Ω. For the average device at 293 K, this still leaves ∼0.3 Ω of resistance attributed to the contacts, which is still one order of magnitude greater than the predicted value of 0.03 Ω. Adsorbed films at the contact interface are a likely contributor to the difference in measured and expected contact resistances.
Data from this experiment and calculations show that the resistance is reaching its maximum value at room temperature; Fig. 6 . According to the asperity-heating model, a contact voltage chosen between the two curves will generate a contact temperature high enough to disassociate the adsorbed films on the contacts but low enough to keep gold asperities from softening.
however, published data show that the resistance decreases as the temperature increases over a range of 300-363 K [2] . Pairing the data sets together shows that the resistance reaches a local maximum at room temperature. A possible explanation for this is that, at near room temperature, the film is reaching its maximum mobility and is being pressed into the contact areas due to the mechanical cycling of the switch. However, as discussed in the next section, the lower temperatures may limit the adsorbed film's ability to move into the contact areas during cycling, and the higher temperatures may disassociate the adsorbed films from the gold surface. In either case, additional real contact area would be generated, leading to a lower contact resistance.
B. Comparison to Time and Temperature Dependence
The resistance versus time data offer further explanation of the significant role that surface films may play in the overall contact resistance. Solving (4) for the contact voltage V c as a function of ambient temperature T o yields Fig. 6 shows the contact voltage plotted as a function of ambient temperature in the case of the upper limit of contact resistance, where R C ≈ R M , and the scaling factor is approximately one. The function is plotted for contact temperatures of 338 K and 373 K. The upper curve corresponds to contact voltages needed to create temperatures at the contacts high enough to soften gold asperities based on the 373-K softening value reported by Holm. The lower curve represents the contact voltage needed to create contact temperatures of 338 K which disassociate adsorbed film layers as reported in [2] .
The area below the upper curve contains the possible contact voltages and corresponding ambient temperatures that could be applied to the experimental system and not soften the gold asperities. If a contact voltage is chosen in the area below the upper curve and held constant, any large fluctuation in resistance would result from changes in the system other than the creation of real contact area through asperity softening.
In addition, there should be a preferential range of ambient temperatures and contact voltages for which the temperature at the contact spot is high enough to remove the adsorbed film from the contacts but not elevated enough to cause asperity softening. This provides the optimum case where the insulating film thickness has decreased, generating a lower contact resistance; however, the temperature has not increased to the point where asperity softening could generate surface areas large enough to produce adhesion failures. This region lies between the two curves in Fig. 6 .
Resistance versus time data collected at room temperature and 77 K support this. Traces A and B in Fig. 5 show the resistance change as a function of time where the ambient temperature was held constant at 293 K and 77 K, respectively. Comparing room versus cryogenic temperature initial resistance shows a higher resistance for room temperature contacts, which is to be expected. In both cases, the resistance dropped off quickly in the first few minutes of contact. In the case of the room temperature run, when allowed to dwell for a short period of time, the initial contact resistance would return to the elevated contact resistance and decrease over time again. For a well-worn switch in which the contact area is approximately the same throughout testing and there are no changes in the ambient and experimental conditions, the contact resistance should not increase appreciably during the dwell time. The contact resistance increase during dwell strongly indicates the presence of an adsorbed film that is highly mobile at room temperatures.
In the case of the 77-K tests, after the same length of dwell, the contact resistance had not returned to the initial resistance measured in the first run but remained near the last measured value of resistance from the previous run. In this experiment, no physical changes, such as external heating or changes in surface topography, have occurred during the dwell period. Thus, none of the variables from standard asperity-heating model can be used to determine what initiated the change in resistance during the dwell period. The data again indicate that an adsorbed film is present, and once removed from the contact points, it does not rapidly return. This implies that the adsorbed film is less mobile at lower temperatures.
The contact resistance of the switch contacts was modeled using contact area information from the aforementioned multiscale model for continuous closure at room temperature. The model did not take into account the adsorbed film effects but did relate the contact resistance to the real contact area, contact pressure, and material properties. At each time step of the model, the number of asperities in contact and their effective radius were determined. The simulation yielded predictions for contact resistance versus time consistent with the data collected from the RF MEMS switches in that the resistance rapidly decreased in the initial moments of contact and then the rate of decrease slowed over time. The model assumes in the initial moments that an increased contact area dominates the change in resistance, and as the asperities become strain hardened, the resistivity increases, slowing the rate of change in resistance [17] .
While the effects of increased contact area from asperity softening and strain hardening can partially explain the changes in contact resistance, it cannot explain why the initial resistance was so high or why resistance increases during prolonged cycling. The experimental data and the simulations are qualitatively similar because in both cases, it is the creation of real contact area creating the drop in resistance. While the simulation assumes that new contact area is generated from asperity softening, the data suggest that the decrease in contact resistance is, in fact, from decreasing the adsorbed film thickness between the gold contacts or the removal of adsorbed film between the contacts leading to more gold on gold contact.
The experimental results indicating the presence of an insulating film and the impact of environmental conditions are similar to those reported in prior publications [2] , [5] , [18] , [24] . Majumder et al. [5] tested RF MEMS switches in both nitrogen and air environments at room temperature and found no change in contact resistance due to atmospheric conditions. Experimental results were similar to those for the switches used in this experiment. Both switches used similar contact areas with initial contact resistance in the 1-Ω range, a full order of magnitude above the upper limit predicted values in (3) . Those studies concluded that the discrepancy between the model and experimental results was due to the presence of insulating films on the contacts. This assertion was further supported by the fact that no adhesion failures occurred even when a contact force on the order of 10 −2 N was applied. Modifications to the current contact resistance equations must be performed in order to account for the surface film contribution to the total resistance. Efforts have already started in this area [25] , [26] . Additional contact resistance is accounted for in the system due to tunneling effects through the adsorbed film. However, the model assumes that the film is present throughout the simulation. This works well for simulating contact resistance response for light loads and small currents on a single closure. The next logical step would be introducing the effects of ambient temperature and contact temperature. The data show that the adsorbed film is, at the very least, compressed to a smaller thickness, thus lessening the height of the potential barrier that the current flow must cross, and in the most extreme case, it may be completely removed. A valid model should be cognizant of adsorbed film's response for low ambient temperatures where it appears to be less mobile and can be mechanically removed from the surface. In addition, it should take into account high contact temperatures where the adsorbed film may disassociate from the local gold contact surfaces.
VII. SUMMARY
A series of experiments was performed to investigate RF MEMS switch performance under variable temperature, pressure, and atmospheric conditions. Several features in the operational characteristics of the RF MEMS devices were observed. 1) Proper environmental conditions must be selected for optimal switch functionality. Switch bouncing occurs when the atmospheric pressure is too low to dissipate the energy stored in the cantilever arm during closure.
2) UHV environment would be optimal for removing adsorbed films at the contacts; however, it produces adhesion failures due to attractive forces between the clean gold-gold asperity contacts and leads to extreme bouncing problems. 3) Nitrogen and helium atmospheres have no impact on cold-switching operation or contact resistance except at cryogenic temperatures where the gaseous atmosphere is reaching its liquid state. At 77 K, nitrogen gas appears to condense at the switch contacts and create resistance variability; however, this contact variability is not seen for a helium gas atmosphere at 77 K. Therefore, the atmosphere must be chosen according to the operational environment. 4) The experimentally measured resistance values and predicted contact resistance values differ by orders of magnitude. The current contact resistance and asperity-heating models only take into account constriction resistance at the gold asperities and do not take into account the effect of adsorbed thin films between the contacts. Changes in measured resistance are most likely due to changes in the thickness and composition of thin films at the contacts. Improved models are required that include these critical aspects of contact operation. 5) Cryogenic temperatures lower the contact resistance by lowering the resistivity of the gold. The data also show that low temperatures allow surface films to be mechanically removed and retard their reformation on the contacts when the switch is allowed to dwell. At lower temperatures, more voltage can be applied at the contacts before asperity softening occurs, allowing the switch to maintain its surface characteristics while using higher voltages. 6) Application of the asperity-heating model shows that a contact voltage can be chosen for a given ambient temperature, which results in contact temperatures high enough to disassociate the films at the surface but not so high as to soften the gold asperities.
